relatively
insiginificant; and (ii) friction-dominated flow where inertia is insignificant. In class (ii), the leak channel might consist of a the gap between a scratch in a plastic seal and a polished metal plate against which the seal is pressed.
Here, the cross section of the leak channel is modeled as a flat bottomed crescent.
A publication generated under the present grant period presents an exact solution of the equations of fullydeveloped laminar pipe flow of a liquid in the case of a crescent beneath a hyperbolic arc. A Master's thesis project supported by the present grant presents the corresponding solution beneath a circular arc. A second publication reviews the flow of a gas through the same channel, which may be analyzed by a standard one-dimensional model (FANNO flOW) for an engineering approximation. Finally, the report discusses the design and progress in the fabrication of a leak-test cell, in which one may measure the flow of fluid through a controlled flaw in a seal. The aim of such measurements is to furnish data for comparison with the predictions of the theory.
SUMMARY
Valves, couplings, andotherdevices meant tocontrol theflowof liquid hydrogen are subject to quality-control testing before they are put into service at Kennedy Space Center. The hazards posed by the flammability of liquid hydrogen and the costs of overcoming them have led to the development of operational criteria for leak tightness based on the rate of leakage of an inert gas (such as helium) at a representative cryogenic temperature (such as that of liquid nitrogen). The present work arose from an attempt to derive a correlation between the measured flow rate of such an inert working fluid and the corresponding flow rate of liquid hydrogen through a leak of similar geometry and pressure difference between the inlet and the outlet.
A typical cryogenic seal is made of a plastic such as polytetrafluroethelene (PTFE) and is clamped between polished metal parts. If there is a scratch on the plastic sealing surface prior to installation, then, the region between the seal and the plate against which it is pressed during installation may form a leak channel.
The cross section of such a channel is noncircular, and one is led to model it by a simple shape such as a flat bottomed crescent (i.e. the region between a circular or hyperbolic arc and a line drawn through its endpoints).
The equations of fully developed laminar flow of a liquid through a pipe of arbitrary cross section are well known.
So also is the solution in the case of a few simple boundary shapes, such as the ellipse, the rectangle, Fluid lines are to be run through the plate and connected to laboratory supplies of, say, liquid nitrogen and gaseous helium and tests are to be conducted while the whole apparatus is submerged in a bath of liquid nitrogen.
The gasket between the inner cup and the plate is to have a controlled flaw in it. Such a flaw may be produced by placing a fine wire across the gasket prior to installation and leaving it there during the subsequent tests. The gap between the inner and the outer cups captures the leaked fluid and allows it to be measured either by direct mechanical means (e.g., a small volume-flow-rate meter) or by chemical means (e.g., a mass spectrometer). i. To prepare a critical exposition of analytical methods by means of which engineers may predict the rate of flow of a given fluid (possibly cryogenic) through a given orifice that models a leak in a valve or coupling and which is subject to a given overall pressure drop from the inside to the outside of the pipe;
ii. To modify or extend those methods to allow for deformation of compliant boundaries such as seals or seal assemblies; and
iii. To establish the range of validity of the methods thus identified by comparing their predictions with suitable test data. Such data, if not already in print, will be generated by experimentation during this project. in which the subscript "0" denotes evaluation of the indicated quantity at an upstream reservoir (where, as before, the fluid is at rest) and e is the specific thermometric internal energy of the gas. If one assumes that the fluid is thermally and calorically perfect and that the thermodynamic processes that take place along the stream tube are isentropic, one may show, after seven lines of algebra (cf. Reference 1, §III.1) that ¢n (2.5) op0
V0j '
in which a0 is the local sound speed in the reservoir and 3' is the ratio cp/c_ of the specific heat at constant pressure cp to the specific heat at constant volume c_. Equation 6). If one regards the right member of (2.5) as a function of the single variable P/Po and maximizes it by means of the usual method of differential calculus (i.e. setting the first derivative equal to zero), one finds that there is a maximum at the value po ' (2.6) ( an equation that appears on page 94 of Reference 6). The corresponding maximum value of rh is
One may express a0, the speed of sound in the rervoir, in terms of To, the absolute temperature there, and the specific heats by means of the standard formula a_ = _(% -co)T0.
( 2.8) In view of (2.8), one may write (2.7) in the equivalent form
The observation that rh is maximized by the value given in (2.6) for the pressure was given a physical- in which the subscripts l and g stand for "liquid" and "gas", respectively, and choked flow for the gas is assumed. Equation (2.10) takes a particularly simple form when one restricts attention to the case -p,l POg -1.
(2.11) Equation (2.11) asserts that the difference between the inlet and the outlet pressures in the liquid is the same as the reservoir pressure in the gas. The numerator in the left member of (2.11) plays the role of driving pressure in a liquid flow and the denominator plays the role of the driving pressure in the choked flow of a gas*. By equating these two driving pressures, one can compare mass flow rates under similar conditions. Under these assumptions, equation (2.10) becomes (rh)_i(cP-co)T°gpl2('7) (2.10) *In the case of choked flow of a gas, a drop in the remote receiver pressure does not affect the flow at the throat since the flow between the throat and the remote receiver is supersonic. It follows that a drop in the remote receiver pressure below the threshhold of choking does not result in any further increase in mass flow rate. In this sense, the difference between the reservoir and the remote receiver pressures is not to be interpreted as the driving pressure for the choked flow of a gas.
A plotof ratio (¢n)t/(rh)g predicted by (2.10) is given in Figure 1 to be helium at the temperature of liquid nitrogen at its normal boiling point (namely 77.34°K). Thus, the gas constant is taken to be cp -c_ = 2077.69 J/(kg.°K) and the ratio specific heats is taken to be ff = 5/3. The liquid that flows through the same channel is assumed to be liquid hydrogen. Its density is thus taken to be p = 70.780 kg/m 3.
According
to the equation of state of an ideal gas,
(an -c_)T = 1.
(2.11) P P It follows that the factor (ap -c_)Togpt/po_ under the radical in (2.10) is equal to PdPg, a quotient that is large compared to one. In the meantime, the other factors under the radical in (2.10) are of the order of one. The observation that the ordinates in the Figure 1 are large compared to one is, therefore, consistent with one's expectations.
FRICTION-DOMINATED FLOWS

LIQUIDS.
In the event that a leak channel is the region between a scratch in a plastic gasket and a polished metal plate against which it is pressed, one is led to consider fully developed laminar flow of a liquid through a pipe of noncircular cross section, particularly one in the form of a flat bottomed crescent. 
in which Pc is the excess pressure, as defined earlier.
The first two equations imply that pc depends (at worst) on the single variable z, and so one may write the third equation in the equivalent form
Nowtheleftmost member of(2.13) is independent ofx and y and the rightmost member is independent of z. Thetabulatedvalue off(0) represents a limit as v ---, 0 and the same remark applies to the tabluated values of all of the other auxiliary functions listed in Table 1 .
The next formula to be derived is the one for the cross sectional area A. If one eliminates H and h from (2.23) by means of (2.24 a, b) , one obtains, after reductions,
in which the nondimensional function g(T) iS defined by
(2.27) (2.28) Table 1 furnishes numerical values of the auxiliary function g(r) for values of the corner angle r in the range 0 < T < 60°. AS was the case with the auxiliary function f(r), the tabluated value of g(0) represents a limit as T-. 0.
The next formula to be derived is the one for the maximum value Wmax of the streamwise velocity w.
Inspection of (2.19) shows that for any y-elevation in the crescent, the maximum velocity at that elevation will occur at x = 0. If one sets x = 0 in (2.19) and maximized it by the usual method of differential calculus (differentiating it with respect to y and setting the result equal to zero), one finds that there is a maximum at the elevation Ymaxw = -(H + _/U 2 + 3h2)/3.
(2.29)
If one substitutes (x, y) = (0, ym_w) into (2.19), one obtains, after rearrangement,
If one eliminates
H and h from (2.30) by means of (2.24 a, b) , and restores the original meaning of K defined by (2.13) one obtains, after reductions,
in which the nondimensionai function F(r) is defined by
(2.32) Table 1 furnishes numerical values of the auxiliary function F(_-) for values of the comer angle -r in the range 0 < r < 60°. As was the case with the auxiliary function f(_-), the tabluated value of F(0) represents a limit as "r ---* 0. The molecular weight M is fixed by the choice of working fluid. The standard temperature and pressure, moreover, are also known. The only parameter left unspecified in the right member of (2.39) is the volume flow rate l)'std into the remote receiver, which I will specify as lYstd = 10 (cm)a/min = 1.66667 × 10 -7 (m)3/s. The effects of adiabatic boiling in the flow of a liquid through a leak channel. If a liquid is already at its boiling point at the inlet to a leak channel and the pressure decreases in the direction of flow (as it must), then at some downstream station, the pressure may dip below the vapor pressure of the liquid at that temperature and boiling would commence.
.
The effects of turbulence.
For the example calculations of section 2.2.1.3, the REYNOLDS number was consistent with the assumption of laminar flow. For larger leaks--those whose volume flow rates at a remote exhaust greatly exceed 10 cm3/s--one must expect to the transition to from laminar to turbulent flow to exert a strong influence on the flow rate.
The effects of inlet-swirl.
If the flow in the supply reservoir is not at rest but is in shearing motion (a situation that would apply if the leak springs from a pipe through which fluid is being transported), thenonemayexpect a bathtubvortexto format theinletandto exerta significant influence onthe leakrate.
DESIGN AND FABRICATION
OF A LEAK-TEST CELI,
REQUIREMENTS
The leak test cell designed during the present grant period was subject to the following requirements.
1. The cell must have a supply vessel from which fluid escapes through a controlled flaw in a gasket.
2. The leaked fluid must be captured within a containment vessel.
3. In order to minimize the number of uncontrolled leaks, there should be as few gaskets as possible.
4. There must be some means for measuring the leak rate.
FACTORS LEADING TO THE CHOICE OF THE PRESENT CONFIGURATION
A concept of a leak test cell that is consistent with the above requirements is one in which two cups, one inside the other, are bolted to a flat plate. The chamber enclosed by the inner cup and the plate forms a supply vessel. A controlled flaw in the gasket that separates the inner cup from the plate lets the working fluid leak into the receiver chamber bounded by the inner cup, the outer cup, and the plate. If fluid lines run from the receiver chamber through the plate to laboratory monitoring devices, then one can measure the rate of leakage directly. There is a gasket between the plate and the inner cup and another between the plate and the outer cup. A design which reduces the number of gaskets to less than two does not seem to be possible.
A scenario for the use of the leak test cell is as follows: (i) the cups are bolted to the plate at room temperature;
(ii) the cell is immersed in a bath of a cryogenic fluid such as liquid nitrogen; (iii) the tests are then run at cryogenic temperatures. Between stages (i) and (ii), of course, there will be thermal contraction of the whole assembly.
In particular, the proportional contraction of the gaskets will an order of magnitude greater than the proportional contraction of the steel cups. To avoid the appearance of new leak paths due to this differential shrinkage during cooldown, the design must provide for the maintenance of bolt tension despite this differential shrinkage.
The solution adopted in the present design is to install BELLVILLE springs (also known as disk springs) on the bolts prior to installation of the nuts. The theory of BELLVILLE springs is over a half a century old (ALMEN _; LAXSO, 1936, Reference 10). They are avaliable in a wide variety of sheet thicknesses, cone angles, inner and outer radii, and materials. They can also be stacked in parallel, in series, or in some combination of the two. The flexibility of the BELLEVILLE spring enables the design of the test cell so that enough compliance is in the system to maintain a reasonable fraction (say 90%) of the original room temperature bolt tension after cooldown to cryogenic temperature.
As of March 1993, the cups, and the plate have been fabricated, the BELLEVILLE springs, the gaskets, the nuts, and the bolts have been bought. Various options have been considered for running the fluid lines through the plate, but the final decision on the choice of fluid-line installation has not been made. Of course, any satisfactory choice of fittings for running the fluid lines through the plate must not introduce new leak paths.
As an additional constraint, the pickups for the fluid lines inside the supply and receiver chambers should play the role of source and drain in each chamber.
In particular, one pickup should be flush with the floor and the other should be flush with the ceiling.
A drawing of the leak test cell is given on the following page.
4_. RECOMMENDATIONS FOR FOLLOW-ON WORK
1. Finish the construction and the debugging of the leak test cell, including the installation of fluid lines.
